Although monolayer transition metal dichalcogenides (TMDs) have direct bandgaps, the low room-temperature photoluminescence quantum yields (QYs), especially under high pump intensity, limit their practical applications. Here, we use a simple photoactivation method to enhance the room-temperature QYs of monolayer MoS 2 grown on to silica micro/nanofibers by more than two orders of magnitude in a wide pump dynamic range. The high-density oxygen dangling bonds released from the tapered micro/nanofiber surface are the key to this strong enhancement of QYs. As the pump intensity increases from 10 −1 to 10 4 W cm −2
INTRODUCTION
Because of the direct bandgaps in the visible and near-infrared regions, monolayer transition metal dichalcogenides (TMDs) have opened notable opportunities for the development of integrated lightemitting devices (1) (2) (3) . Their atomically thin nature enhances the Coulomb interaction between electrons and holes and can support stable excitons at room temperature, which dominate the photoluminescence (PL) emissions in monolayer TMDs. However, the defects introduced during the fabrication and processing steps provide substantial nonradiative recombination pathways. In addition, as the pump intensity increases, the generated high-density carriers in this atomic thickness enhance many-body interactions such as nonradiative exciton-exciton annihilation (4) . These factors lead to low PL emission intensity of monolayer TMDs and PL quantum yields (QYs) strongly dependent on the pump intensity. Taking monolayer MoS 2 as an example, the reported PL QYs are in the range of 0.01 to 0.6% in typical samples prepared by mechanical exfoliation and chemical vapor deposition (CVD) (5) . In practical light-emitting applications, improving PL QYs of monolayer TMDs under high pump intensity conditions is extremely important (6) . For example, for sensing and imaging devices, using sufficient emission intensity generated by high-power excitation can reduce the signal acquisition time of the detectors and enable real-time monitoring of the samples. In particular, for optical amplifiers and lasers that must operate at high pump intensity to achieve population inversion, the low PL QYs make it difficult to provide sufficient optical gain from these atomically thin monolayers. This forces us to use only high-quality factor optical microcavities to achieve lasing actions (7) (8) (9) (10) (11) . These microcavities require complex microfabrication and transfer manipulation processes that may degrade the PL QYs of monolayer TMDs due to the surface contamination and cracks (12) .
Since the PL QYs of monolayer TMDs strongly depend on the pump intensity, it is highly desirable to study the PL emissions over a wide pump dynamic range so that we can determine whether a certain method for enhancing PL emissions of monolayer TMDs is suitable for practical device applications. To date, many efforts such as molecular adsorption (13, 14) , defect engineering (15, 16) , and strain modulation (17) have been exploited to improve the PL emissions of monolayer TMDs. However, most of these studies have been carried out under certain constant pump intensity. Superacid treatment has been reported to enhance the QYs of transferred monolayer MoS 2 and WS 2 in wide pump dynamic range, reaching nearly 100% at low excitation levels (<10 −2 W cm −2 ) (5, 18). Nevertheless, as the pump intensity increases, the QYs of these samples are gradually reduced and fail to provide sufficient optical gain. In addition, this method is only effective for sulfur-based monolayer TMDs, and the environmental stability of treated samples is not satisfactory. Therefore, achieving high and stable PL QYs of monolayer TMDs over a wide pump dynamic range, especially under high pump intensity conditions, is still one of the main challenges that need to be overcome to enable their efficient light-emitting applications.
Amorphous silica is a key material in the field of optoelectronics, fiber-optic communications, and optical microcavities and is also commonly used as a substrate for growing and supporting twodimensional materials. Previous work has shown that the density of trap states on silica surfaces (19, 20) is in the range of~10 10 to 10 14 cm −2 , which is comparable to the carrier concentrations in chemically pristine monolayer TMDs (5, 13). As material size decreases to the micro/nanoscale, the surface-to-volume ratios and the numbers of free dangling bonds increase, making the chemical reactivity of micro/nanomaterials different from their bulk counterparts. This suggests that silica-based micro/nanomaterials with enhanced chemical reactivity may be used as substrates not only to grow TMDs but also to modulate their optoelectronic properties due to the presence of additional dangling bonds at the surface. Silica micro/nanofibers (MNFs), physically drawn from standard optical fibers, have remarkable features such as low propagation loss, high fractional evanescent fields, and tailorable waveguide dispersion and offer a promising building block or platform for both fundamental research and device applications (21, 22) .
In this work, we first grow single-crystal monolayer MoS 2 on tapered silica MNFs. We then use a simple photoactivation strategy to obtain strongly enhanced and highly stable PL QYs in a wide pump dynamic range at room temperature. The taper-drawing process greatly lowers the activation energy from siloxane bonds in bulky amorphous silica to free oxygen dangling bonds on the tapered MNFs; the high-density oxygen dangling bonds released by photoactivation is the key to achieving strong PL enhancement. Compared with the planar monolayer samples grown on silica substrates, asphotoactivated MoS 2 monolayers on MNFs exhibit more than two orders of magnitude PL enhancement, with QYs ranging from~30 to 1% as pump intensity increases from 10 . Our strategy offers an effective solution to the challenging problem of achieving high PL QYs at room temperature, making it practical to realizing monolayer-based coherent light sources.
RESULTS
In amorphous silica materials such as standard optical fibers, silicon and oxygen atoms (≡Si─O─Si≡) bridge with each other in random ring structures, with the majority of six-membered rings (24, 25) . By drawing a CO 2 laser-heated standard single-mode optical fiber (outer diameter, 125 mm), a tapered MNF with a diameter comparable to the scale of light wavelength (~1 mm) can be fabricated, as shown in Fig. 1A and inset (see Materials and Methods and section S1). This large size deformation will cause the high-membered rings to cleave into low-membered rings, the majority of which will be three-membered rings. Because of the decreased siloxane bond angles, these low-membered rings are highly strained, raising the average internal energy of these bonds (26) . Since the taper-drawing process greatly lowers the activation energy from siloxane bonds (≡Si─O─Si≡) in conventional bulky amorphous silica, under highintensity light irradiation (e.g., a 532-nm CW laser used in our work), these highly strained siloxane bonds can be easily excited to release high-density oxygen dangling bonds (≡Si─O·, oxygen halffilled 2p orbital) on the MNF surface. Figure 1B shows the PL spectra from different MNFs and a planar substrate under activation intensity of 2.1 × 10 5 W cm −2 (see Materials and Methods and section S2). A broad band centered around 1.86 eV is observed in the microfiber with a diameter (D fiber ) of 3.1 mm, which agrees with the reported PL position of oxygen dangling bonds (25) . This band is weak in the microfiber with D fiber = 10.2 mm, and no obvious band is observed around this position in the planar substrate. Figure 1C shows that the PL intensity of 1.86-eV band in the microfiber (D fiber = 3.1 mm) increases as the excitation intensity increases. The strained three-membered rings are considered as the precursor of oxygen dangling bonds, and its Raman mode at 606 cm −1 can be used for evaluating the amount of oxygen dangling bonds. As shown in Fig. 1D , the intensity of the 606 cm −1 Raman peak increases as the MNF diameter decreases. We further characterize the structural reconstruction on the MNF surfaces using a high-resolution atomic force microscope (AFM) in Fig. 1E . As the diameter of originally drawn MNF decreases, the surface roughness increases, which is induced by the mechanically tapering process that directly breaks the Si─O bonds and generates more dangling bonds. Furthermore, when irradiated with high-intensity light, the surface roughness of those two microfibers increases, and the thinner one (D fiber = 3.2 mm) increases much more. These results demonstrate the generation and existence of oxygen dangling bonds on MNF surface in the tapering and high-intensity light irradiation process.
By directly breaking Si─O bonds in six-membered rings to generate oxygen dangling bonds, the energy needed is as high as~9 eV, which is equivalent to the bandgap value of silica. Our calculation shows that the energy of generating an oxygen dangling bond from a three-membered ring is in the range of~4.0 to 8.0 eV, as denoted in Fig. 1A . The tapering process greatly increases the surface energy of MNFs, which allows using a 532-nm CW laser via multiphoton absorption to achieve oxygen dangling bonds on the surface. As illustrated in Fig. 1C , when in contact with monolayer semiconductors such as n-type MoS 2 , these reactive oxygen dangling atoms can fill the sulfur vacancies (absorbing~0.45 electrons per dangling oxygen atom; see section S3) or bridge with neighboring sulfur atoms (absorbing~0.41 electrons per dangling oxygen atom) in monolayer MoS 2 , forming stable localized sites through the electron transfer from MoS 2 (20, 27) . These two processes will reduce the nonradiative exciton-exciton annihilation and strongly enhance the PL emissions of monolayer MoS 2 . Figure 2A presents a schematic of monolayer MoS 2 grown on silica MNFs with a uniform diameter and prolate microbottle structures. During the CVD growth process (see Materials and Methods and section S4), a single-crystal triangular domain first nucleates on the MNF surface randomly and then laterally extends its size along the cylindrical surface of the MNF. Figure 2B shows a typical optical image and its corresponding PL image of a small triangular MoS 2 layer on a microfiber with D fiber = 6.1 mm. The AFM image in Fig. 2C confirms its monolayer nature with a thickness of 0.8 to 1.0 nm. As the growth time increases, a micro/nanotube structure is formed in the azimuthal direction of the MNF, which then extends its size only along the axial direction of the MNF. Figure  2D shows a typical microtube structure with D fiber = 5.5 mm. The clean and uniform surface and two sharp boundary edges with an angle of approximately 60°are seen (section S5), indicating its singlecrystal nature. The single-crystal monolayers can be fabricated on MNFs with diameters down to several hundred nanometers (section S6), and as-grown monolayers can have lengths of single domains up to 100 mm. Figure 2E shows a single-crystal monolayer microtube structure grown on a microfiber (D fiber = 5.4 mm) with a domain length of 77 mm. From the corresponding PL image, it is observed that some emission at the microfiber surface is transformed into a guided mode along the microfiber and is emitted at the distal end. Monolayer MoS 2 can also be grown on the microbottle structures, with typical results shown in section S7. Figure 2F presents the Raman spectra of monolayer MoS 2 grown on a planar silica substrate and several different fibers with diameters decreasing from 125 mm to 470 nm. It is observed that as the size of MNF decreases, the out-of-plane vibrational mode A 1g maintains its position at~402.6 cm −1 ; while the strain-sensitive in-plane vibrational mode E 1 2g exhibits a red shift from 386.2 to 380.5 cm −1 , but no obvious splitting of the E 1 2g mode occurs (28) . We also observe similar red shifts in the spectra of the PL emissions (Fig. 2G ) and the absorption (section S8) of as-grown monolayer MoS 2 on MNFs.
These spectral red shifts arise from the biaxial tensile strain induced by the mismatch of thermal expansion coefficients between MoS 2 and silica (29) . High-resolution AFM scans (section S9) and density functional theory calculations (section S10) also reveal that the tensile strain is less than 0.5%, which is within the expected range for CVD-grown monolayer MoS 2 (17) . These results also reflect that the tensile strain increases as the MNF diameter decreases; however, it is known that strain is not conducive to the PL emission of monolayer MoS 2 grown on silica substrates. So next we discuss the causes of PL enhancement of monolayer MoS 2 on MNFs, we no longer consider the strain factor.
We use the 532-nm CW laser to activate the monolayer MoS 2 / MNF structures that are suspended in air (see Materials and Methods and section S2). Figure 3A shows time-dependent integrated PL intensity (A) Schematic illustration of generation of oxygen dangling bands from a tapered fiber. First, the CO 2 laser heating and drawing process breaks six-membered siloxane rings in a standard fiber (125 mm) into highly strained three-membered rings in a MNF (~1 mm), and then, the irradiation using a 532-nm CW laser activates the highly strained rings to generate oxygen dangling bonds (≡Si─O·). The tapering process greatly lowers the activation energy from ≡Si─O─Si≡ to ≡Si─O·. The generated oxygen dangling atoms are reactive and can fill or bride with outer atoms. Inset: Optical image of a MNF tapered from a standard fiber. (B) PL spectra from different microfibers and a planar substrate under excitation intensity of 2.1 × 10 5 W cm −2 . a.u., arbitrary units. of a small triangular monolayer MoS 2 on a microfiber (D fiber = 3.3 mm) under activation intensity of 2 × 10 5 W cm −2 . We can see that the generated PL intensity is gradually increased by 43 times before its saturation, compared to the initial intensity value upon the light irradiation. Figure 3B records its PL spectra evolution with time. On the basis of the results obtained under low temperatures and different atmospheric pressures, as well as the time-resolved PL measurement, the spectra can be deconvoluted into three peaks, neutral exciton (A 0 , 1.85 eV), negatively charged trion (A − , 1.81 eV), and defect-related localized exciton (A D , 1.75 eV) emissions (section S11). We find that the A 0 peak grows rapidly and eventually becomes dominant. In contrast, the PL intensity of the monolayers grown either on a planar silica substrate or on a standard fiber remains constant throughout, while the PL intensity of a monolayer/microfiber with D fiber = 11.7 mm is increased but by only 2.5 times. We also noticed that the initial tapering process can directly generate some oxygen dangling bonds by mechanically breaking the siloxane bonds, which can explain the higher original PL intensity of monolayers on thinner MNFs before photoactivation, as shown in Figs. 2G and 3A. After photoactivation, the steady-state PL spectra of the MoS 2 monolayer/ microfiber (Fig. 3C) are always dominated by the A 0 peaks (~1.85 eV) as pump intensity (I pump ) increases from 10 −1 to 10 4 W cm −2 (Fig. 3D) , in contrast to the large red-shift phenomenon in the nonactivated samples (section S12).
In addition, no whispering-gallery mode (WGM) oscillation is observed in the PL spectra, and the PL enhancement is unaffected when the monolayer/MNFs are placed on a lossy substrate (section S13), which indicates that the cavity-enhanced emission can be ignored here (30) . Nevertheless, when removed from the MNFs, the monolayers exhibit reduced PL intensity and no PL enhancement either before or after irradiation (section S14). These results shown above confirm that the oxygen dangling bonds generated by photoactivation lead to the PL enhancement. Because of the reduced activation energy from siloxane bonds to free oxygen dangling bonds by the taper-drawing process, the photoactivation process can be easily achieved using a CW laser with an activation threshold of 5 × 10 4 W cm −2 (section S15). Furthermore, we also observe the photoactivation-induced PL enhancement of MoS 2 monolayers in other silica substrates such as microbottles as shown in Fig. 2A (section S7). We also observe similar PL enhancements of about 15 times in photoactivated monolayer MoSe 2 grown on a microfiber (section S16), which strongly suggests that our strategy is applicable to both sulfur-and selenide-based monolayer TMDs.
Using a calibrated rhodamine 6G film (section S17), we extract the PL QYs of as-photoactivated MoS 2 monolayer (D fiber = 3.3 mm) as pump intensity increases from 10 −1 to 10 4 W cm −2 (Fig. 3D , red data). For comparison under the same experimental conditions, we take nontransferred CVD-grown planar monolayer MoS 2 as the reference. Compared with the planar sample with a QY of <0.05%, the QY of the photoactivated sample is strongly enhanced by more than two orders of magnitude in a wide pump dynamic range. At low
), the QY of our sample reaches~30% and is comparable to that of the CVD-grown MoS 2 monolayers by superacid treatment (23) . Notably, as the I pump increases from 10 to 10 3 W cm −2 , the QY of our sample exhibits 6 to 20 times higher than those by superacid treatment (23) , and the QY remains >1% even as the I pump . In addition, our as-photoactivated samples are very stable under ambient conditions and can retain identical spectral features including intensity and emission profiles for several months (Fig. 3E, inset) .
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
Since optical microfiber and microbottle structures themselves can serve as good optical microcavities (31−33), the high QY and stable PL emissions make as-photoactivated MoS 2 monolayers a good choice for direct generation of lasing at room temperature. We first use the 532-nm CW laser to excite an as-activated monolayer MoS 2 / microfiber with D fiber = 5.4 mm to realize a CW WGM lasing action, with the typical PL emission spectra dependent on I pump shown in Fig. 4A . A sharp emission peak with a wavelength of 688.1 nm (corresponding to TM 1 32 mode; see section S18) and a measured full width at half maximum (FWHM) of~1.97 nm is observed, corresponding to a quality factor of 350. The measured lasing threshold is~70 W cm −2 for a best fitted spontaneous emission factor (b) of 0.15 (section S19). Around this threshold value, we can estimate the QY of the activated monolayer MoS 2 to be~7% by simply comparing with the I pump -QY dependence in Fig. 3D . This QY value is similar to that of the monolayer WS 2 at 10 K (8), which is integrated in a WGM microdisk cavity with a quality factor of~2600; however, the lasing threshold (5 to 8 MW cm −2 ) in this case is five orders of magnitude higher than that in our work.
Owing to the better ability of the prolate microbottle structure to couple the spontaneous PL emissions into the resonant modes than that of the cylindrical microfiber structure (see schematic in Fig. 2A)  (31, 32) , we further use an as-activated prolate monolayer MoS 2 / microbottle (outer diameter, 5.5 mm) to realize a low-threshold CW lasing action. The I pump -dependent PL emission spectra are shown in Fig. 4B . The threshold at a wavelength of 682.5 nm (TM 1 31 ; section S18) is reduced to approximately 5 W cm −2 (Fig. 4C) for a best fitted b of 0.5. This threshold value is two orders of magnitude lower than the room-temperature threshold obtained in monolayer MoS 2 -based microsphere cavities (typically~380 W cm −2 ) (11) and is also comparable to that in a monolayer MoTe 2 -based nanobeam cavity with a high quality factor of~5603 (~6.6 W cm −2 ) (9). With increasing I pump , the FWHM shows an obvious narrowing to 0.58 nm (Fig. 4D ), corresponding to a quality factor of 1177. For the threshold of ~5 W cm −2 , the QY of the activated monolayer MoS 2 estimated from Fig. 3D is about 19%. Such a high QY can provide sufficient optical gain to generate room-temperature CW lasing with low threshold and without the need of high-quality factor optical microcavities. In addition, we also observe that the other four resonant modes of this monolayer MoS 2 /microbottle exhibit the lasing performance (section S20). Similar lasing behavior is also observed in five other photoactivated samples on microfibers and microbottles (section S21), indicating the good repeatability of our approach.
DISCUSSION
Our work demonstrates substantially enhanced and stable roomtemperature PL QYs of monolayer MoS 2 grown on silica MNFs in a wide pump dynamic range, using a simple photoactivation method. The taper-drawing process greatly lowers the photoactivation energy and allows fast completion of the entire photoactivation process in a few minutes with a CW laser. In addition, this noncontact photoactivation process does not require any sample transfer and manipulation, ensuring the high crystal quality of as-grown monolayers. These unique advantages enable us to directly realize low-threshold CW lasing without the use of high-quality factor optical microcavities. In addition, the direct growth of monolayer TMDs on MNF structures enables their seamless integration with standard optical fiber systems and also provides the opportunity to greatly enhance the interaction of light with monolayer TMDs using a waveguiding excitation approach (33) . More generally, the underlying mechanism present here has been demonstrated as an efficient method to modulate the carrier density in monolayer TMDs and can also be applied to other two-dimensional semiconductor materials on silica substrates. We foresee that our photoactivation method for single-crystal TMD monolayer/MNF structures provides an exciting direction for various integrated applications ranging from low-threshold coherent light sources (34) and nonlinear optics (35) to optoelectronics (36) .
MATERIALS AND METHODS
Fabrication of MNF and microbottle structures MNF and microbottle structures used in this work were fabricated by a commonly used taper-drawing approach from standard communication fiber (SMF-28, Corning) (21, 22, 37) . As shown in section S1, a bare fiber with a length of~3 cm was suspended and fixed on two motor-driven stages. A CO 2 laser (Ti60W-HS, Synrad Inc.) connected with a signal generator was used as a heating source. Its laser beam with a diameter of 2.5 mm was first expanded to a beam with a diameter of 8 mm by a pair of ZnSe lenses and then focused onto the bare fiber with a focus area of~50 mm. The output power of the CO 2 laser was controlled by adjusting the duty circle of the electronic pulse from the signal generator. Thus, we obtained a desirable heating temperature for the fabrication. A microscope equipped with a 20× objective and a charge-coupled device (CCD) camera was used for monitoring the fabrication process. By controlling the drawing speed and the heating temperature, MNFs with different diameters ranging from 300 nm to tens of micrometers can be obtained. Microbottle structures were obtained by further processing the as-fabricated MNFs. An MNF was first moved away from the laser focus for a certain distance. Then, the two fixed points were slightly moved toward each other to squeeze the fiber inversely. At the same time, we increased the laser power. Because of surface tension, the heated MNF will readily form a prolate shape structure, which was usually called microbottle (31, 32) . The outer diameters of as-fabricated microbottles were determined by the diameters of the MNFs used and the squeezing time during the heating process.
Optical measurements of Raman, PL, and lasing spectra The experimental setup is shown in section S2. We used a CW 532-nm laser with a narrow spectral linewidth of <0.01 pm as the excitation light source (MSL-FN-532, Changchun New Industries Optoelectronics Technology Co. Ltd.). The laser was linear polarized with a fundamental transverse electromagnetic mode (TEM 00 ), and the polarization of the laser beam irradiated on the samples was parallel to the axis of the MNFs. The laser beam with a diameter of 1.5 mm was reflected by a pair of silver mirrors to ensure horizontal propagation. A neutral density filter was used to control the incident optical power with intensity ranging from 0 to 10 7 W cm −2
. Two optical lenses, with focal lengths of 10 mm, were used to adjust the diameters of the beam. By changing the distance between the two lenses, we obtained different sizes of the focused spots on the monolayer TMD samples through a 100× objective (LU Plan, Nikon), with diameters ranging from~1 tõ 100 mm. The monolayer samples on MNFs and microbottles used in this work were protruded from a glass substrate edge, i.e., the samples were suspended in air during the optical measurements. In experiments, the focused light spots with different diameters were used. For instance, in the analysis of Raman emissions (Figs. 1B and 2F ), PL emissions (Fig. 2G) , photoactivation process, and PL QYs (Fig. 3) , the excitation spots have a diameter of~1 mm. But for lasing generation in Fig. 4 , to obtain sufficient optical gain, we used the excitation spots with large diameters to cover the whole monolayer samples. The light emissions from monolayer samples on different substrates were collected using the same 100× objective, directed through a dichroic filter (NFD01-532-25x36, Semrock) and a 532-nm notch filter (NF01-532 U-25, Semrock), and then split by a beam splitter to a spectrometer (iHR550, HORIBA) for spectral analysis and to a CCD camera (DSRi1, Nikon) for imaging.
Synthesis of TMD monolayers
We used a CVD method to grow TMD monolayers in a horizontal quartz tube mounted inside a single-zone furnace (23, 38) . As shown in section S4, an alumina boat with 200 mg of sulfur powder (≥99.5%; Aladdin Inc.) was first placed upstream to the edge of the furnace, and an alumina boat with 20 mg of molybdenum (VI) oxide (MoO 3 ) powder (≥99%; Sinopharm Chemical Reagent Co. Ltd.) was placed at the center of the heating zone. To grow monolayer MoS 2 on the MNFs, several as-drawn MNFs were placed on an inverted boat next to the MoO 3 boat downstream. The tips of the MNFs protrude from the top of the inverted boat with a distance of~2 mm. A thick silica substrate (dimensions of 3 cm by 3 cm by 5 mm) was placed on the MNFs to prevent them from being blown off by the airflow. To fabricate monolayer MoS 2 on the planar substrates, several planar silica substrates (dimensions of 1 cm by 5 cm by 1 mm) were placed above the MoO 3 boat. Before heating, high-purity argon gas was introduced into the quartz tube at a flow rate of 200 standard cubic centimeters per minute (sccm) to purge air from the tube. After 20 min, the furnace was rapidly heated to 850°C at a rate of 20°C min −1 , while atmospheric pressure was maintained. After 4 min of growth at 850°C, the temperature was reduced to room temperature naturally.
To grow MoSe 2 monolayers, an alumina boat with 100 mg of selenium powder (≥99.5%, Aladdin Inc.) was placed upstream to the edge of the furnace, and an alumina boat with 2 mg of MoO 3 powder was placed at the center of the heating zone. High-purity argon gas was introduced into the quartz tube at a flow rate of 80 sccm. The grown temperature was 820°C and the grown time was 5 min.
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